ABSTRACT. Sweet potato whiteflies (SWF),
ilverleaf whitefly (SWF), Bemisia argentifolii, is a major pest of cotton in the United States (Bellows et al., 1994) and around the world (Wang et al., 2007) . This insect can cause severe yields loss due to it's ability to infest a wide variety of host plants (Kakimoto et al., 2007) vectoring virus diseases (Di Feo et al., 2000; Valverde et al., 2004) and by contaminating produce with honeydew, which facilitates the growth of sooty mold. The SWF usually invades cotton when the plant produces fruiting structures and remains as a pest, often producing population explosions as the crop nears maturity and defoliation. The developmental life stages of the insect attach to the bottom surface of the leaves, while the adult possesses a propensity to live near the ground levels of the plant (Gerling and Horowitz, 1984, Jazzar and Hammand, 2004) .
Improved application techniques designed to increase spray deposition and penetration to the lower layers of cotton canopy are needed to achieve adequate control of the life stages of insects which live on the bottom surface of leaves. Uk and Courshee (1982) reported that the dense foliage of a cotton canopy effectively dampened air turbulence and that the penetration of profenofos spray droplets into dense cotton foliage was aided only by gravitational forces with the bottom surface of the leaves receiving only 5% of the amount of insecticide received by the upper leaf surface. Gohlich (1985) reported that small spray droplets less than 100-mm diameter will be more effective in producing better coverage on the underside of leaves than large spray droplets. Hirsch et al. (1991) found that a boom with Chimavir winglets provided improved spray coverage on both sides of cotton leaves at the top of cotton plants; however, spray deposition deep into cotton canopy was impeded by leaves on the top acting as a shield, preventing spray droplet penetration. Using a fixed-wing aircraft, Kirk et al. (1992) studied reduced airspeed and Chimavir winglets to increase wake intensity and spray deposition on cotton. An aircraft flying at 145 km/h with a conventional boom and one flying at 168 km/h with a Winglet boom increased spray deposits (avg = 50%) on the bottom of leaves when compared with an aircraft flying at 185 km/h with a conventional boom. In desert areas of Arizona, where cotton is grown under irrigated conditions, aerial sprays are generally the method of choice for controlling whiteflies.
The objectives of this study were to evaluate selected aerial delivery systems for deposition of active ingredients of insecticides and concomitant efficacy for controlling sweet potato whiteflies on cotton. The intent was to determine an optimum delivery system capable of controlling whiteflies whose immature stages are not mobile (except crawlers) and will not move about to contact insecticides; therefore, insecticides must come into contact with immatures to obtain maximum control. The difficulty in controlling whiteflies on cotton is further complicated by the closing or overlapping of the cotton canopy which impedes canopy penetration and reduces the insecticidal contact with the life stages of the S insect. Several delivery systems were evaluated in this study to determine the spray deposition of the spray material in the cotton canopy and consequently, the effects of the deposition on control of the insect. Another objective of the study was to compare the aerial application treatments with that of the producer's standard practices, relative to efficacy against SWFs. The goal was to demonstrate to the commercial cotton producer whether or not improved application technology used in this study increased deposition of spray active ingredients to the bottom surfaces of the cotton leaves where the SWFs reside, and eventually lead to improved control of the pest insect.
MATERIALS AND METHODS

DESCRIPTION OF FIELD
Field studies were conducted in commercial fields in Penal Co., near Maricopa, Arizona Latheef et al., 1993) . Tests were replicated three times. Replication one was a 8.4-ha area; replication two was 13.3 ha, and replication three was 10.3 ha. Treatments in each replication were divided into 72-row wide (0.8-m row spacing) plots, 180-to 240-m long. The soil type in replication one and two was a mixture of Mohall loam and Valencia sandy loam; in replication three, the soil type was Mohall loam. The number of plants averaged 9.4-m row. Plots were irrigated with 0.47 m of water in the study area. When studies were initiated, mean canopy width was 78.5 cm, mean canopy height was 100 cm, and mean number of leaves/plant was 55.6. None of these measurements differed significantly (P > 0.05) between plants in treatment plots. In May, prior to initiation of the study, the plots were treated with chlorpyrifos 2E at 0.09-kg active ingredient (a.i.)/ha for control of thrips, Thrips spp, tarnished plant bugs, Lygus lineolaris (Beauvois), and pink bollworms, Pectinophora gossypiella (Saunders).
DESCRIPTION OF AERIAL DELIVERY SYSTEMS
Six aerial delivery systems were used in this study (table  1) : a Cessna T188C Ag-Husky agricultural aircraft (231 kW, 12.74-m wingspan) equipped with a 10.3-m airfoil-shaped spray boom was used for three treatments. An Ayres Turbo Thrush S2R-T34 agricultural aircraft (560 kW, 14.48-m wingspan) equipped with a 12.5-m streamlined spray boom was used for the other three treatments. Advanced Spectrum Controller (ASC-A10T) Rotary nozzles (Curtis Dyna-Fog, Ltd., Westfield, Ind. -Formerly Agri-Line Company, Bend, Oreg.) were mounted on the boom as recommended with three on the left of the fuselage and four on the right of the fuselage ( fig. 1) . Swath pattern analysis and observation of spray entrainment in wingtip vortices led us to place the outermost nozzles at 48% of wingspan; calibrated swath width was 13.7 m. The ASC nozzles were set up to give a spray droplet volume median diameter (D V0.5 ) of about 130 mm at the nozzle at each airspeed. Droplet data were obtained using procedures outlined by Bouse et al. (1990) . The Winglet (Ayres Corporation, Albany, Ga.) boom had 14-to 17.8-cm wide winglets spaced 76 cm apart on the boom with two TeeJet stainless steel flat spray nozzles (#6 orifice) (Spraying Systems Co., Wheaton, Ill.) directed into the air exit of each winglet (fig. 2) Spray heights of 1.5 and 3.0 m were used in these studies. These heights were measured using visual confirmation on the ground and the pilot's experience. The two aircraft were flown at speeds ranging from 145 to 190 km/h (90 to [a] In addition to the Trumpets, there were six CP-03 nozzles (90° deflector) under the aircraft fuselage; for the last spray date, three winglets were added under the fuselage to deflect spray downward from these six nozzles. 120 mph). The airspeeds reported and used in the data analyses were target values, which the pilots were asked to fly.
DESCRIPTION OF INSECTICIDE SPRAY SCHEDULES
Four spray treatments were made during this study. The spray rate was 46.7 L/ha (0.467 mL/cm2). The spray number, dates, insecticides and formulations, and active ingredient used are described in table 2. The frequency of the spray applications was determined based upon the population development of SWF in the test area and spray decisions were made in consultation with the producer and his crop consultant. No control plot was maintained until after the 3 rd spray when producer plots were established as controls (producer standard). The control plots were about 1.4 ha each and were situated adjacent to the treatment plots in each replication. Producer control plots had similar levels of SWF infestation at the beginning of the study, received insecticide treatments with fenpropathrin + acephate using lower active ingredient rates than were used in the application treatment plots. The insecticide application schedule for the producer control plots are shown in table 3.
SAMPLING OF SPRAY DEPOSITS ON COTTON CANOPY
Water-sensitive paper cards (WSP) (26 × 76 mm; Spraying Systems Co., Wheaton, Ill.) were used to characterize spray deposits. In the top-and mid-canopy positions, the WSP cards were folded in half and attached with straight pins over edge of leaves so that the water-sensitive surface was exposed on both upper and lower surfaces of the leaves. Six WSP cards were placed at each canopy position at three locations in each treatment plot before spraying and were collected as soon as each spray treatment was applied. The WSP cards were placed in 35-mm negative sleeves and deposit measurements were obtained with an image analysis system described by Stermer et al. (1988) using software developed by Franz (1993) . Spray deposit measurements comprised of percent of spray coverage, droplet size, and droplet density (no./cm 2 ). Two 2.5-cm 2 areas were analyzed on each exposed surface (top and bottom of leaf) of each WSP to determine spray droplet characteristics. Droplet spectrum computations used spread factors determined on WSP using equipment and procedures outlined by Reichard (1990) . The following relationship was used to determine droplet sizes from stain sizes on WSP:
where Y = droplet diameter (mm) and X = stain diameter on WSP (mm).
SAMPLING OF WHITEFLY LIFE STAGES
Post-treatment samples of whitefly life stages were obtained 48 h after application of insecticides. Six topcanopy and six mid-canopy leaves were randomly removed at each of the three sampling locations in each plot. Leaf samples were placed in labeled 3.8-L reclosable bags and shipped by overnight mail in a thermal polystyrene foam container with reusable ice packs to the USDA-ARS's research laboratory in College Station, Texas for processing, counting, and assessment of SWF mortality. Upon arrival in the laboratory, the samples were sorted by replication, treatment and canopy positions. Using a leaf plug, one 0.85-cm 2 area was removed from each leaf, and placed over a layer of carpet tape inside a Petri-dish. Using the required magnification needed, nymphs were counted and recorded as dead or alive. A determination as to whether nymphs were dead or alive was made based upon internal and external appearance of body structure and overall condition. Nymphs were classified as small and large; large nymphs were twice as big as small nymphs. Eggs, which appeared viable, were counted as well. Naranjo and Flint (1994) reported that a single 3.88-cm 2 area of leaf taken from the basal portion of the second sector of the 5 th main stem leaf node (from terminal) was the most efficient sampling unit for population assessment of eggs and nymphs of B. argentifolli. However, we chose a smaller leaf area (0.85 cm 2 ), because this smaller leaf plug provided a complete view of the leaf disc at the magnification needed to determine the condition of individuals of each life stage. Six leaf discs obtained from each canopy position were placed on a strip of double-side carpet tape inside a petri dish. This method helped in enumeration of more samples in a shorter period of time than when using larger leaf plugs.
STATISTICAL ANALYSIS
Statistical analyses of the data were conducted using SAS (1987) . The analysis of variance procedure was based on the split-split-plot model in which the aerial delivery system comprised the main plot and a factorial arrangement of post-spray sample dates was the sub-plot and canopy positions constituted the sub-sub-plot. Where F-values were significant (P < 0.05), means were separated at the 5% level of probability using the least significant difference test. The ANOVA procedure for the counts of immature stages of B. argentifolii was conducted without transformation, following LeRoux and Reimer (1959) because the density range in the present study was considered sufficiently low for direct analysis. Appropriate degrees of freedom (df) associated with the components of the variation in accordance with the split-split plot model were used to determine the significant of F-values. For example, the significance of the main plot treatments were assessed with 5 and 10 dfs, using replication*treatment as an error term. Significance of canopy height and spray dates were determined with 1 and 4 df, respectively, using 288 df for the mean square error of the ANOVA model. Table 4 summarizes the spray deposit spectrum (spray deposit, mL/cm 2 ), percentage spray coverage, droplet size, and droplet density. These values were averaged over top and bottom WSP cards attached to top-and mid-canopy leaves during four spray applications. The CP-03 nozzle provided the highest spray deposit compared to other treatments, but was not significantly different from those for the Rotary nozzle (145 km/h), the Winglets, and the Trumpet nozzle (1.5 m). Rotary nozzles (185 km/h, 1.5 m) and Trumpet Droplet size was significantly lower for the Rotary nozzles (185 km/h) compared to its counterpart operated at 145 km/h. The CP-03 nozzles provided significantly larger droplet size but were not significantly different from those for the Winglets and the Trumpet nozzles. Droplet density was significantly lower for the Trumpet nozzles. Rotary nozzles and the Winglets provided the highest droplet density, and was significantly different from those for the CP-03 and the Trumpet nozzles.
RESULTS AND DISCUSSION
SPRAY DEPOSITION CHARACTERISTICS
Because spray droplet size and droplet density showed consistently significant differences between treatments compared to spray deposit and percentage coverage, we wanted to further examine these deposition characteristics relative to canopy positions and determine whether or not any aerial delivery system would significantly influence droplet size and droplet density, and consequently influence control of the insect. Tables 5 and 6 summarize droplet density and droplet size relative to canopy locations, respectively, for the application treatments. In the top canopy on the top of the cards, droplet density was highest for Rotary atomizers than those for Winglets, Trumpets and CP-03 nozzles. Droplet density for Winglets was significantly higher than those for Trumpet and CP-03 nozzles. Droplet density on the bottom of the cards at the top of the canopy was significantly higher for Rotary nozzles (145 km/h) and Winglets compared to other treatments. The Rotary nozzles gave higher droplet densities on the top of cards at mid-canopy than those for CP-03 or Trumpet nozzles. There were no significant differences between application treatments on droplet density on the bottom of cards at mid-canopy.
In the top canopy, droplet size was significantly lower for the Rotary nozzles (185 km/h) than those for Winglets, CP-03, and Trumpet nozzles. Similarly, droplet size on the top of WSP in mid-canopy was significantly lower for Rotary nozzles (185 km/h) than those for Winglets, CP-03, and Trumpet nozzle (3.0 m). The Rotary nozzles (185 km/h) and the Trumpet nozzles had the smallest droplet sizes on the bottom of cards in the top canopy. Droplet size on the bottom of cards at mid-canopy was not significantly influenced by any of the application hardware systems.
TREATMENT EFFICACY AGAINST WHITEFLIES
Although post-treatment samples of SWF immature stages were taken every other day immediately after spray treatment, we chose to summarize the data for each spray schedule by canopy position for eggs, small, and large nymphs. Akey and Henneberry (1993) reported that eggs and immature stages of SWF were best indicators of treatment efficacy for SWF on cotton. Accordingly, we provide data for these insect stages relative to treatment efficacy.
Eggs
The numbers of live eggs deposited on cotton foliage by B. argentifolii in each treatment plot are presented in table 7. Following the 1 st spray, the Trumpet treatments had significantly more viable eggs than the Rotary and the Winglet treatments in the top canopy. However, the number of eggs in the Trumpet treatments was comparable to that in the CP-03 nozzle treatment. Although the numbers of eggs in the Rotary and Winglet treatments were the lowest, these values were not significantly different from those in the CP-03 treatment. In the mid-canopy, the Trumpet (1.5 m) treatment had significantly more eggs compared to other application treatments with the exception of the CP-03 treatment. The Winglets had the lowest number of SWF eggs (avg = 6.4/cm 2 ) in the mid-canopy, and was comparable to those for Rotary and Trumpet (3.0 m) nozzles.
Following the 2 nd spray, the Trumpet (3.0 m) treatment had significantly more whitefly eggs than all other application treatments in the top-canopy, except Trumpet (1.5 m = 5.4ab). Consistent with the 1 st spray data, egg deposition by SWF in the top-canopy was not significantly influenced by spray boom height when aerial sprays were applied with Trumpet nozzles. The number of eggs deposited in the mid-canopy was not significantly different between application treatments. Following the 3 rd spray, all six application treatments received comparable numbers of eggs deposited both in the top-and mid-canopy; however, the number of SWF eggs deposited in the control cotton was significantly higher compared to all application treatments.
Following the 4 th spray, SWF eggs rebounded significantly in increased numbers in the top-canopy in all treatments, but particularly in the producer control which averaged 154.7 eggs/cm 2 . This value was significantly higher than all application treatment plots. However, there was no significant difference in egg deposition between application treatments. In the mid-canopy, even though numbers had dropped slightly, the producer control had significantly more eggs compared to all other application treatments with the exception of the Rotary (145 km/h) treatment. The Trumpet (3.0 m) treatment had the lowest number of eggs in the mid-canopy, but was not significantly different from the Winglets, the CP-03 nozzle, and the Rotary (185 km/h) nozzles. Different airspeeds of Rotary atomizers did not significantly influence the number of SWF eggs in the mid-canopy. Consistent with previous findings, egg deposition was not significantly influenced by spray boom height when aerial sprays were applied with the Trumpet treatments. Data reported here suggest that timely applications of fenpropathrin + acephate at the recommended higher a.i. rate (0.22 + 0.56 kg/ha) are needed to suppress egg deposition on cotton. Note that the producer control plots received insecticide sprays at varyingly lower a.i. rates compared to application treatment plots (table 3) .
Small Nymphs
The percentage mortality of small nymphs in the topcanopy was the lowest for the Trumpet nozzles and this was significantly less than for all other application treatments (table 8). The Rotary nozzles produced the highest mortality (avg = 79%) of small nymphs; but this value was not significantly different from those of Winglets and CP-03 nozzle. In the mid-canopy, the Trumpet nozzles produced significantly lower mortality of small nymphs than those of Winglets and CP-03 nozzle. The Winglet treatments produced the highest mortality of small nymphs (avg = 84.8%), but this value was not significantly different from those of the Rotary and the CP-03 treatments. Following the 2 nd spray, the Trumpet (3.0 m) treatment caused significantly lower mortality of small nymphs in the top-canopy than did the CP-03 or the Rotary treatments. The mortality of small nymphs in the Winglet treatments was comparable to that in the Trumpet nozzles. In the mid-canopy, the mortality of small nymphs was not significantly influenced by application hardwares evaluated in this study. Following the 3 rd spray, the mortality of small nymphs in the top-canopy was significantly higher for the Winglets (72.9%) than for the producer control (avg = 21.5%). The lower mortality value observed in producer control was not significantly different from those of Rotary, CP-03, and Trumpet nozzles. Similarly, mortality of small nymphs in the mid-canopy was the lowest in the producer control (avg = 35.9%), but this value was not significantly different from that in the Rotary (185 km/h) treatment. Following the 4 th spray, the mortality of small nymphs in the top-canopy was not significantly different between any of the application treatments and producer control. In the mid-canopy, the Trumpet (1.5 m) treatment produced the highest mortality of small nymphs in the mid-canopy (avg = 60.3%), but this value was not significantly different from those in the CP-03 and Rotary (145 km/h) treatments. The Trumpet (3.0 m) treatment caused the lowest mortality of small nymphs, and this value was not significantly different from those of Rotary, CP-03 and the producer control treatments.
Large Nymphs
Following the first spray, the Winglets caused the highest mortality of large nymphs in the top-canopy (avg = 71.4%), and this value was not significantly different from those for Rotary nozzles (table 8) . The mortality of large nymphs in the CP-03 treatment was the lowest among application treatments (avg = 13.1%), and this value was not significantly different from those of Trumpet and Rotary (145 km/h) nozzles. Similarly, Winglets caused the highest mortality of large nymphs in the mid-canopy (avg = 60.4%); this value was not significantly different from those of Rotary (185 km/h) and CP-03 nozzles. The Trumpet (1.5 m) nozzles produced the lowest mortality of large nymphs (avg = 11.2%), and this value was significantly less than all other treatments.
Following the second spray, the Rotary (145 km/h) atomizers produced the highest mortality of large nymphs in the top-canopy (avg = 65.8%), and this value was not significantly different from its higher speed counterpart, Winglets and CP-03 nozzle (table 9). The Trumpet nozzles caused the lowest mortality of large nymphs, and this value was not significantly different from those of Winglets, and the Rotary (185 km/h) atomizer. In the mid-canopy, Rotary (185 km/h) atomizer caused the highest mortality (avg = [a] Means within each column followed by the same lower case letter are not significantly different according to protected LSD at the 5% level.
64.1%) and Trumpet (1.5 m) nozzle provided the lowest mortality (avg = 25.3%); these values were significantly different from each other.
Following the third spray, Rotary (185 km/h) atomizer gave the highest percentage mortality of large nymphs in the top-canopy and was significantly different from those of producer control and all other application treatments. The mortality for Rotary (145 km/h) atomizer was similar to that for Winglets and was significantly greater than that of producer control. Thereafter, mortality measurements in the top-and mid-canopy positions did not significantly vary among application treatments, and the insecticide treatments did not impact control of SWF on cotton.
SUMMARY AND CONCLUSIONS
A season-long aerial spray deposition and efficacy study to control SWF on cotton was conducted in Arizona under a wide range of plant canopy and weather conditions. Average spray deposit rates and percentage coverage were not statistically different between six application treatmentseach of the treatments received about the same amount of active ingredient as well as the percentage coverage of the insecticides sprayed on cotton. However, there were significant differences between treatments in droplet size and droplet density within the canopy between the top and bottom of leaves. The CP-03 nozzle provided the highest spray deposit. The ASC Rotary nozzles at 185 km/h and six blade setting gave the smallest drops with the greatest droplet densities. Several other droplet parameters show that the ASC Rotary nozzle operated at 145 km/h was better than the rotary nozzle operated at 185 km/h. The improved deposition at the slower speed was likely due to the increased air velocity and turbulence in the canopy from the increased wake effect of the aircraft at the lower speed. There were indications that the increased air velocity and turbulence in the canopy caused by the Winglets also gave improved deposition performance.
Even though there is considerable variability in the deposition and efficacy results from the different spray applications in the study, it is generally apparent that smaller droplets and increased canopy turbulence improves both spray deposition into the canopy and on the bottom of leaves and also improves SWF control. However, smaller droplets are more prone to drift from the application site than larger droplets and may evaporate prior to deposition. Canopy turbulence may be increased by downward deflections of airstreams as with the Winglet and Trumpet nozzles, by lower airspeeds, and by lower flight heights. Lower airspeeds reduce operational efficiency and lower flight heights are factors in aircraft safety and swath uniformity. Improved control of SWF with the technologies in this study will require a studied and prudent application of the factors that influence cotton canopy deposition. It is noteworthy, however, to remember that lower active ingredients used in the producer control contributed to a significant increase in egg lay by whiteflies on cotton. It is also important to note that the CP-03 nozzles gave comparable SWF control with fenpropathrin + acephate in this season-long study.
ACKNOWLEDGMENTS
Appreciation is expressed to many participants in the study. H. H. Tom, Jr. and Tom Soka, piloted aircraft. H. D. V. Petersen provided statistical consulting. Appreciation is expressed to John Goodwin and his staff at Custom Farm Service of Arizona for providing aircraft and many accommodations to facilitate the study. Appreciation is expressed to Cal Butler of Agri-Line Company for providing ASC Rotary Nozzles used in the study. Special appreciation goes to G. Robert Ralston, Manager of Rancho Pobre and Double R Farms Inc., for use of crop production fields to support these studies. Sam House and Steve Harp provided entomological support, while Phil Jank conducted the image analyses of the WSP.
